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bc1 complexThe homodimeric bc1 complexes are membrane proteins essential in respiration and photosynthesis. The
~11 Å distance between the two bL-hemes of the dimer opens the possibility of electron transfer between
them, but contradictory reports make such inter-monomer electron transfer controversial. We have con-
structed in Rhodobacter sphaeroides a heterodimeric expression system similar to those used before, in
which the bc1 complex can be mutated differentially in the two copies of cyt b to test for inter-monomer elec-
tron transfer, but found that genetic recombination by cross-over then occurs to produce wild-type homodi-
mer. Selection pressure under photosynthetic growth always favored the homodimer over heterodimeric
variants enforcing inter-monomer electron transfer, showing that the latter are not competitive. These re-
sults, together with kinetic analysis of myxothiazol titrations, demonstrate that inter-monomer electron
transfer does not occur at rates competitive with monomeric turnover. We examine the results from other
groups interpreted as demonstrating rapid inter-monomer electron transfer, conclude that similar mecha-
nisms are likely to be in play, and suggest that such claims might need to be re-examined.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The cytochrome (cyt) bc1 complexes are central components (as
Complex III) of mitochondrial respiratory chains, in bacterial photo-
synthetic and respiratory chains, and in oxygenic photosynthesis (as
cyt b6f) [1–4]. The bc1 complex operates through a Q-cycle mecha-
nism that couples electron transfer from ubihydroquinone (QH2) to
cyt c to the generation of the proton gradient that drives ATP synthe-
sis. The Q-cycle mechanism is well characterized, providing a parsi-
monious explanation for the observed behavior [5–9], but a role for
the dimeric nature of the complex has been controversial [10–15].
The dimer interface between cyt b subunits brings the heme bL cen-
ters within ~11 Å (for the electron transfer distance between conju-
gate systems) (Fig. 1), which might be expected to give rate
constants much faster than the ms range of turnover (Table 1), lead-
ing to rapid electron transfer across the dimer interface. However, our
previous work through titrations of QH2 oxidation at the Qo-site with
myxothiazol had shown only linear titration curves diagnostic of mo-
nomeric function [12]. Recently, three groups have developed hetero-
dimeric systems [16–18] allowing the expression of two copies of thestry, University of Illinois, 419
1801, USA. Tel.: +1 217 333
a-crofts@life.illinois.edu
rights reserved.cyt b gene, and construction of strains differentially mutated so as to
allow unambiguous tests of the hypothesis that electron transfer
across the dimer interface occurs. All three groups have claimed to
demonstrate an inter-monomer electron transfer between bL hemes
by measuring the rapid kinetics expected. One alternative electron
transfer scheme, the half-of-sites mechanism [10,19–21], requires
such a transfer, but any scheme depending on a central role for such
a process would require major revision of the Q-cycle, and such a par-
adigm change demands careful scrutiny. We have investigated the
inter-monomer electron transfer using a heterodimeric system con-
structed for Rhodobacter sphaeroides, and were also able to demon-
strate in strains mutated to enforce inter-monomer electron transfer
the rapid kinetics that they observed. However, the rapid kinetics
that they attributed to the inter-monomer reaction are, in our system,
accounted for by cross-over recombination to generate a functional
wild-type homodimer, and selection of the native sequence to allow
survival under photosynthetic growth. From these results we con-
clude that, if inter-monomer electron transfer occurs, it is not rapid
enough to allow effective competition with a monomeric function.
2. Materials and methods
Plasmid pUC19 derivative containing fbc operon (pGB11BH6) was
used as a template [22]. Mutant strains in cyt b at position 199
(Y199T, L, S, C, W, and insert Y199TY) were constructed by PCR-
mediated site-directed mutagenesis [22–24]. For construction of het-
erodimeric expression system, linker and strep-tag sequences were
Fig. 1. Scheme to show rationale for the study of inter-monomer electron transfer. With both Qi-sites blocked by antimycin, electrons cannot exit from heme bH. If one monomer is
blocked by myxothiazol at the Qo-site, the unblocked Qo-site would deliver electrons to both monomers if inter-monomer electron transfer could occur rapidly between the bL
hemes (red arrow). Blue arrows show monomeric electron transfer. Mutations used to block different partial process were G158W (Qo-site), H111N (heme bH), and H198N
(heme bL). See also Table 2 and Fig S1. Structure is from PDB 2QJY [66], in which occupancy by stigmatellin deﬁnes the Qo-site, and occupancy by ubiquinone-10 deﬁnes
the Qi-site.
1054 S. Hong et al. / Biochimica et Biophysica Acta 1817 (2012) 1053–1062inserted using PCR to generate pBST, pNT and pCT (Fig. S1). Site-
directed mutagenesis at positions H111, G158 and H198 in cyt b was
carried out using Transformer site-directed mutagenesis protocol.
Two cyt b genes were fused using the NotI site introduced in the linker
region, as described in [18]. All themutationswere veriﬁed by DNA se-
quencing. Growth in strain DH5α was used to amplify pUC19 deriva-
tives. The 2.266 kb NsiI/EcoRI restriction fragment of pNT was
replaced with 2.272 kb NsiI/EcoRI restriction fragment containing a
factor Xa protease site and a strep-tag from pBST, generating pNTST.
The 2.490 kb NotI/EcoRI restriction fragment from the pNTST was
then ligated into 5.286 kb NotI/EcoRI restriction fragment of pCT to
produce pBBST. Site-directed mutagenesis to generate heterodimeric
constructions was performed in pNTST and pCT separately, followedTable 1
Rate constants expected from structures and a Moser–Dutton treatment of distance
dependence.
Heme b pairs involved
and parameters assumed
Marcus–Moser–
Dutton
(kcat/s−1)
bL–bH through 2-vinyl (ΔGo=−60 mV, λ=0.75 V, R=7.02 Å) 1.73×108
bL–bH through 2-vinyl (ΔGo=−130 mV, λ=0.75 V, R=7.02 Å) 5.68×108
bL–bL through 4-vinyl (ΔGo=−0 mV, λ=0.75 V, R=10.54 Å) 4.08×105
bL–bL through 4-vinyl (ΔGo=−60 mV, λ=0.75 V, R=10.54 Å) 1.25×106
Notes. Rate constants were calculated using the following equation:
log10kcat ¼ 13−
β
2:303
R−3:6ð Þ−γ ΔG
o þ λ 2
λ
 !
:
Values used for other parameters were β=1.4 and γ=4.23. We have avoided the use
of the Hopﬁeld approximation suggested earlier [67] through the use of modiﬁer,
γ=3.1, of the activation-energy term since it causes loss of detailed balance in consid-
eration of forward and reverse rate constants [12,48].by NotI/EcoRI digestion and ligation (Fig. S1). The oligonucleotide
primers and R. sphaeroides strains used are listed in Tables S1 and 2.
The 5.133 kb HindIII/EcoRI restriction fragment containing the
fbcFB1B2C operon was subcloned from pUC19 into pRK415, an ex-
pression vector, followed by transformation into Escherichia coli S-
17. The pRK415 derivative was then mobilized by conjugation from
the S-17 into R. sphaeroides BC17, a strain in which the fbc operon
had been deleted [24]. The site-directed mutations and the presence
of strep-tag sequence at the C-terminus of fused cyt b in R. sphaer-
oides were conﬁrmed by DNA sequencing after isolation of pRK415
and PCR ampliﬁcation.
Chromatophores were prepared using the methods described earlier
[25]. The computer-linked kinetic spectrophotometer was used for
ﬂash-induced kinetic spectrometric analysis as described previously
[25]. The chromatophore concentration was adjusted to allow >90% sat-
uration of the reaction centers by a single ﬂash. Kinetics of redox changes
of reaction center, cyt ctotal, cyt c2, cyt c1, cyt bH and cyt bL were obtained
by taking the differences in the kinetics of absorbance changesmeasured,
respectively, at 542 nm, 551–542 nm, 550–554 nm, 552–548 nm,
561–569 nm, and 566–575–0.5×(561–569) nm (with small additional
corrections for contributions from RC and cyt c), respectively. The mea-
suring beam was turned off, and the reaction mixture in the cuvette
was stirred between measurements.
3. Results
3.1. Myxothiazol titration of homodimeric complex to investigate
inter-monomer electron transfer
We have previously demonstrated that titration curves for inhibi-
tion by myxothiazol of reduction of heme bH via Qo-site turnover in
the presence of antimycin were linear, both in wild type and in strains
1055S. Hong et al. / Biochimica et Biophysica Acta 1817 (2012) 1053–1062mutated in the putative pathway for electron transfer across the
dimer interface [12]. Tyr-199 (Y199) is the residue at the dimer inter-
face in the most plausible pathway for electron transfer between the
bL hemes. All strains with single mutations at position 199 in cyt b
(Y199T, L, S, C, W), and insert Y199TY, grew at normal rates under
anaerobic photosynthetic conditions, and all showed turnover and
redox properties for the bc1 complex similar to wild-type. Properties
for the strain with a threonine insert (Y199TY) were described earlier
[23]. Similar linear titration curves are common in the literature for
other Qo-site inhibitors when the Qo-site reaction is limiting
[26–28]. Inter-monomer electron transfer would allow reduction of
both bH hemes through the Qo-site of either monomer, so that
strongly bowed titration curves would be expected. We suggested
that the linear titrations observed were diagnostic of a monomeric
mechanism [12].
We have extended these earlier studies to the titration behavior
under controlled redox conditions after two ﬂashes, and to the kinetic
behavior of heme bL. These experiments test the equilibria estab-
lished for the Qo-site reaction in the presence of antimycin. As
shown in Fig. 2, although some small additional reduction of heme
bH occurred on the second ﬂash, it was proportionally the same
throughout the titration, and there was no indication that any addi-
tional complement of heme bH became accessible to reduction through
the uninhibited monomer; the titration after two ﬂashes was still
strictly linear (Fig. 2A). Instead, reduction of heme bL occurred, and
the relative amplitude showed the well-characterized equilibria
expected from the monomeric Q-cycle [29] (Fig. 2B). Furthermore,
the same behavior was seen in all strains mutated at Y199 in the
most direct electron transfer path between the bL hemes. If function
of this pathway was critical to the ms kinetics of normal turnover,
mutation might be expected to disrupt function, but strains Y199T,0
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Fig. 2. Titrations of Qo-site with myxothiazol. (A) Fraction (% of change with no inhibi-
tor) of reduced bH at 20 ms (after 1st ﬂash) and 50 ms (after 2nd ﬂash) versus inhibitor
concentration. Chromatophores from native and mutant strains of R. sphaeroides were
poised at Eh 100±10 mV at pH 7.0 and 20 °C. Rates were measured in the presence of
antimycin to block oxidation of heme bH through the Qi-site, as Qo-sites were titrated
with myxothiazol. Inset shows titration curves expected without (straight line, green)
or with (convex curve, black) inter-monomer electron transfer, from simulation (see
[26]). (B) Kinetics of reduction of heme bH (black) and heme bL (red) in wild-type fol-
lowing two ﬂashes. Myxothiazol was added at the concentrations shown. The vertical
arrows indicate ﬂash activation. The pattern is diagnostic of monomeric function.L, S, C, and W all showed close to wild-type kinetics. The kinetic be-
havior was similar even when the interface was modiﬁed by insertion
of an extra threonine (Y199TY) to mimic the interface in the cyt b6f
complex, in which the conﬁguration is substantially different. The be-
havior observed in all these experiments is consistent with mono-
meric function in the ms range.
3.2. Mutations in separate cyt b subunits of a heterodimeric complex to
explore inter-monomer electron transfer
We have set up a heterodimeric expression system in R. sphaer-
oides. The general approach was similar to that used in Rhodobacter
capsulatus [18], but the procedural details were adjusted to accom-
modate protocol differences in R. sphaeroides [22,30] (Fig. S1 and
Table S1). The fbc operon was modiﬁed so as to contain two copies
of the gene for cyt b (fbcB1 and B2), separated by in-frame sequence
encoding a linker span joining the two copies of cyt b in C- to N-
terminal linkage, to give operon fbcFB1B2C. The linker span had the
same sequence as in [18], and the downstream copy (fbcB2) was mod-
iﬁed so as to express a factor Xa cleavage site and a strep-tag at the C-
terminal end. Site-directed mutagenesis was carried out on fbcB1 and
B2 separately before joining with the linker. Using this strategy, we
constructed heterodimeric variants in which different partial process-
es in the two copies of the protein were blocked by suitable mutagen-
esis. Mutation bG158W at Gly-158 of cyt b introduced a tryptophan
side chain into the binding volume of the Qo-site that blocked access
of substrate QH2; mutation bH111N at His-111 of cyt b changed a li-
gand for heme bH so as to prevent incorporation of the heme [30];
and mutation bH198N eliminated a ligand to heme bL [30]. Following
the nomenclature used in R. capsulatus [18], the heterodimeric con-
struct with the wild-type sequence in both copies is indicated by B–
B. Likewise, WB–BN indicates a construct with the G158W mutation
in copy 1 and the H111N mutation in copy 2 of cyt b; WNB–B, a con-
struct with copy 1 inactivated by both mutations and copy 2 with
wild-type sequence; and NB–BN, a construct with a heme bL knocked
out through mutation H198N in copy 1 and heme bH knocked out in
copy 2. We constructed a full set of combinations of these mutations
(Table 2), including knockout mutations for heme bL which have not
been previously reported.
Table 2 shows strains that could grow photosynthetically at rates
similar to wild-type, and those that failed to grow. Strains B–B, WB–
BN, WNB–B and other constructs previously reported [18], all showed
similar behavior, all growing photosynthetically under anaerobic con-
ditions. Strains NB–BN, and WB–BW, both failed to grow photosynthet-
ically, but grew under aerobic conditions. These results were in line
with those previously reported [18]. The turn-over of the bc1 complex
in all the strains designed to express a heterodimeric complex were
then assayed by comparing the kinetics of turnover of the photosyn-
thetic chain through absorbance changes of the reaction center andTable 2
Heterodimeric strains and their growth properties.
Strain Genotype Growth properties
fbcB1 fbcB2 Aerobic Photosynthetic
B–B Wild type Wild type + +
NB–B H111N Wild type + +
WB–B G158W Wild type + +
W
N B–B H111N/G158W Wild type + +
B–BWN Wild type H111N/G158W + +
WB–BN G158W H111N + +
NB–BW H111N G158W + +
N
NB–B H111N/H198N Wild type + +
B–BNN Wild type H111N/H198N + +
NB–BN H198N H111N + +
NB–BN H111N H198N + +
NB–BN H111N H111N + −
WB–BW G158W G158W + −
1056 S. Hong et al. / Biochimica et Biophysica Acta 1817 (2012) 1053–1062the bc1 complex [6,25,29,31]. We followed reduction and oxidation of
the c-hemes and b-hemes in the absence and presence of antimycin,
and could demonstrate in strains B–B, WB–BN, and WNB–B, the same
general behavior as reported by [18], as seen in example traces for
strains B–B and WB–BN in Fig. 3A. The traces of WB–BN showed rapid
electron transfer kinetics similar to wild-type B–B. The spectra gener-
ated from such traces also showed involvement of all the Q-cycle
redox centers with behaviors similar to the wild-type (Fig. 3B).
Surprisingly, strains NB–BN and NB–BN (not previously reported),
in which a ligand for heme bL (H198N) was mutated in one copy of
cyt b and one for heme bH (H111N) in the other copy, also grew pho-
tosynthetically. The electron transfer distance for the closest available
path (the diagonal from heme bL to bH across the dimer interface) is
~23 Å (Fig. 1), giving a limiting value for the rate constant for QH2 ox-
idation, k~10−1 s−1, so growth would be expected only if some ex-
traordinary reconﬁguration of the complex had occurred, in which
case some modiﬁcation of behavior would have been expected. Nev-
ertheless, the kinetics observed were similar to wild-type, excluding
this unlikely event. We therefore checked the genetic complement
encoding the bc1 complex, using PCR ampliﬁcation and DNA sequenc-
ing that would reveal the genotype encoding the wild-type behavior.
3.3. Homologous cross-over recombination and monomeric vs.
inter-monomeric electron transfer
For all cultures used in kinetic experiments, the heterodimeric
strains were checked for the presence of the expected mutations by
sequence analysis after PCR ampliﬁcation of the DNA encoding the
heterodimeric fbc operon. The ampliﬁcation was required after plas-
mid miniprep since the pRK415 plasmid harboring the fbc operon in
R. sphaeroides is present in the cell in low copy-number. We used
two sets of primers for sequencing of heterodimeric cyt b genes; one
set that anneals speciﬁcally to the upstream sequence of the gene for
cyt b and the linker sequence, and the other to the linker and strep-1
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ters; (e) after the second ﬂash, heme bL and most of the remaining heme bH go reduced; (f) s
changes contribute through a rather ﬂat spectrum across this wavelength span, but domin
after ﬂash 1 at 0 s. Flashes are spaced 20 ms apart. Chromatophores from B–B and WB–B
added to inhibit cyt oxidase activity.tag sequences. In all cases, sequence analysis showed in all themutant
strains the presence of the mutated sequence expected.
In order to check for the presence of intact heterodimeric fbcFB1B2-
C constructs in the mutant strains, we used a different set of primers
that anneal to sequences upstream (in fbcF) and downstream (in
fbcC) of the gene for cyt b, which would allow us to distinguish by
size of PCR products, the heterodimeric fbcFB1B2C construct from
any other forms of fbc operon (Fig. 4B). Interestingly, the pattern of
ampliﬁed PCR products of the heterodimeric constructs from the
cells used for preparation of chromatophores tested in kinetic exper-
iments fell into two groups, one of which showed two major bands
that correspond to the sizes of heterodimeric fbcFB1B2C and homodi-
meric fbcFBC, and the other with only one major band at the same po-
sition on the gel as homodimeric fbcFBC (Fig. 4A) Sequence analysis
showed that the bands with higher molecular weight (MW) retained
the heterodimeric constructs with expected mutations whereas the
bands with lower MW contained a homodimeric fbc operon with
wild-type sequence. The sequencing of the bands also identiﬁed in
both bands the strep-tag that was used for heterodimeric construc-
tion. Since the strep-tag was introduced into the heterodimeric con-
struction speciﬁcally for this work, the presence of strep-tag in the
bands with lower MW clearly indicated that the DNA encoding the
homodimeric bc1 did not come from an extraneous source, but was
derived from the heterodimeric fbcFB1B2C construct.
4. Discussion
4.1. Kinetic analysis
The kinetics of the partial processes measured on turnover of the
Qo-site when the Qi-site is blocked by antimycin, reﬂect the equilibri-
um constant of the bifurcated reaction, and equilibria in the high and
low potential chains. The equilibrium constants are given by the
redox potentials of the centers involved. For oxidation of QH2 from-4
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g involvement of hemes bH, bL, c1, c2, and RC. (a) Change 400 μs after ﬁrst ﬂash shows
nge; (c) from 0.4 to 20 ms, heme bH reduction dominates the kinetics, with a derivative
e changes after the second and subsequent ﬂashes contain contributions from all cen-
ubtraction of a fraction of the change (c) reveals the spectrum of heme bL reduction. RC
ate at 542 nm, where the heme changes are approximately isosbestic. Times given are
N cells were poised at Eh ~120 mV by addition of 2 mM ascorbate, with 2 mM KCN
AB
Fig. 4. Selection of functional bc1 complex variants for survival during growth. (A) Constructs of fbc operon maintained at high abundance during photosynthetic growth. The bands
represent PCR products ampliﬁed from photosynthetic cultures used in kinetic analysis. Both the heterodimeric construct (P1) and the recombinant homodimeric re-construct (P2)
were maintained at high abundance in all strains with at least one functional monomer. On the other hand, in the strains which contained a mutation crippling monomeric function
to enforce inter-monomer electron transfer, only the recombinant construct for the wild-type homodimer (P2) was maintained in the culture. The PCR bands from BH6 strain which
contains a 6xHis-tagged homodimeric construct, was used as a control size marker. (B) Schematic representation of the selection of constructs coding for functional bc1 complex.
The cultures of R. sphaeroides retain only the constructs expressing functional bc1 complex when bc1 complex is required for survival under anaerobic photosynthetic condition.
1057S. Hong et al. / Biochimica et Biophysica Acta 1817 (2012) 1053–1062the pool in the monomeric case, the overall equilibrium constant is
given by Keq=exp(F/RT(ELo′+EHo′-2EQ/QH2
o′)), where subscripts L and
H indicate acceptors in the low and high potential chains. The value
of Keq depends on the redox potentials of the acceptors available
[5–7]. For the ﬁrst QH2 oxidized, the acceptors are heme bH (Eo′
~40 mV) and (predominantly) ISPox (Eo′ ~300 mV), and, with Q/QH2
at Eo′ ~90 mV, Keq1 has a value of ~500. For the second QH2, since
the two more favorable acceptors have been consumed, the acceptors
are heme bL (Eo′ −90 mV) and (predominantly) heme c1 (Eo′
270 mV), and Keq2 has a value ~1. If inter-monomer electron transfer
occurred, the equilibria would reﬂect the ability of one Qo-site to de-
liver electrons to two equivalents of heme bH, and this would beparticularly obvious from kinetics measured near the midpoint of an
inhibitor titration. These conditions are important because the second
ﬂash pumps up the redox potential in the high-potential chain, in-
creasing the driving force for heme b reduction. The linear titration
shows unambiguously that the fractional reduction of heme bH is pro-
portional to the fraction of active Qo-sites remaining. Similarly, the
pattern of behavior on two ﬂashes is that expected from a monomeric
mechanism. Both are inconsistent with inter-monomer electron
transfer without introduction of additional hypotheses. It might be
argued that the half-of-sites hypothesis [10,16,32] can account for
the titration data; if only one monomer is active, all heme bH would
still undergo reduction. However, that would require two turnovers
1058 S. Hong et al. / Biochimica et Biophysica Acta 1817 (2012) 1053–1062of the active Qo-site, and fractional inhibition would then eliminate
heme bH reduction proportionately. To account for the monotonic
curves observed [10,16], the mechanism then requires that all steps,
including inter-monomer electron transfer, must be at intrinsic
rates much faster than the rate determining QH2 oxidation. The ob-
servation that such rapid reduction of heme bH could be observed in
the presence of antimycin in heterodimeric strains mutated to en-
force inter-monomer transfer [16] seemed to provide strong support
for such a mechanism. The only missing component was then a plau-
sible explanation for why the Qo-site could function in only one of the
monomers. In this context, the classical Q-cycle would have to be am-
pliﬁed by ad hoc accretions, and the natural interpretation of the ki-
netic behavior that seemed to support it so parsimoniously, would
have to be extensively re-interpreted. Clearly, the evidence for
inter-monomer electron transfer then needs careful examination be-
fore such a major change in paradigm becomes accepted.
It might be argued that the discrepancy between the ~106 s−1
rate constant calculated from distance (Table 1) and the minimal
rate (~1 s−1) suggested by the observed kinetics is so large as to dis-
count any explanation. As noted in [12], there are several effects that
might account for the difference. As argued by Shinkarev andWraight
[15], competition between alternative pathways to hemes bH and bL
can explain part of the discrepancy (about 2-orders of magnitude).
A more signiﬁcant fraction would have to come from quantum me-
chanical effects [33–39]. The simple approximation from distance-
dependence seems to work well in most cases [40–45], but use ofA
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from heterodimeric construct. When two genes with substantially the same sequence are p
plasmid or between plasmids, shown here by the example of WB–BN. (B) Constructs retained
construct with wild-type sequence remained at a signiﬁcant level when grown photosynththe Hopﬁeld approximation [46] in the Moser–Dutton approach [47]
leads to loss of detailed balance, suggesting that the quantum me-
chanical adjustments are made in the wrong part of the equa-
tion [12,48]. Winkler and Gray [49] have shown experimentally that
electron transfer to the heme of cyt b562 through a direct path termi-
nating at a liganding histidine can lead to rates lower than those
expected from distance by factors ~103, and Prytkova et al. [39]
explained this result using a quantummechanical approach involving
path-integrals which showed different contributions from interfer-
ence effects in such direct pathways compared to edge-linked path-
ways. Hoffman et al. [50] have shown that electron transfer across a
protein interface may be much slower than expected from distance.
Other effects to be considered are local electrostatic ﬁelds, and distribu-
tion of electron or hole occupancies around the conjugate system of the
heme acting as donor or acceptor;Walker [51,52] has examined the sin-
gly occupied molecular orbital of b-type hemes, and noted an asymmet-
rical distribution that would favor the intra-monomer case if it applied
in the bc1 complex. There are therefore realistic physical mechanisms
that might be invoked to explain the slow rate observed.
4.2. A genetic mechanism accounts for the rapid kinetics observed
Cross-over by homologous recombination (Fig. 5A) is a well-
characterized feature of genetics, ubiquitous in all realms of life
[53,54], but was not addressed in [16,18] and only minimally in
[17]. Since this behavior provides an obvious mechanism for thelecular
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ment encoding the bc1 complex from R. sphaeroides cells at an early
stage of photosynthetic growth in order to ﬁnd any recombination in-
termediates. In the WNB–B strain, we found two homodimeric con-
structs containing NB and B (wild-type) both with a strep-tag in the
lower MW recombination product, which are the intermediates
expected by a single cross-over recombination as suggested in the
mechanism in Fig. 5A. We also checked for the complement encoding
the bc1 complex at different stages in the protocol used for construc-
tion of the mutant strains. As seen in Fig. 5B, both the heterodimeric
construct, and homodimeric operon generated by recombination,
were present even in the initial stages of the protocol. The heterodi-
meric fbcFB1B2C constructed in plasmids pUC19 and pRK415 in E.
coli strains DH5α and S-17 respectively, had been re-constructed to
a homodimeric fbcFBC, and both types of operon were maintained
in the cells, although only the heterodimeric construct had been ini-
tially introduced into the strains. The E. coli DH5α and S-17 [55,56]
are RecA-deﬁcient strains. However, the substantial homology
(~1.37 kb) of the two fbcB genes in tandem in the heterodimeric con-
struct allowed recA-independent cross-over recombination [57–59],
producing the recombinant homodimeric operon. Plasmid pRK415
is the vector used in conjugation from E. coli S-17 to R. sphaeroides,
so it seems possible that both types of operon were transferred to R.
sphaeroides on conjugation. As noted in Materials and Methods, all
plasmids encoding the bc1 complex were expressed in the BC17 strain
of R. sphaeroides, with chromosomal deletion of the fbc operon, so
that recombination reﬂects only plasmid events. Although we cannot
know whether a particular cell contained one or both operons, the
outcome on growth of the cultures was unambiguous. In all cultures,
the fbcFBC operon for expression of a wild-type homodimeric bc1
complex was the dominant DNA (Fig. 4A). In strains expressing at
least one copy of a functional monomer in the heterodimer (B–B,
NB–B, WB–B and WNB–B), the heterodimeric construct was also main-
tained on photosynthetic growth, as shown by the less prominent
band. This shows that a monomeric function is sufﬁcient to allow
competitive expression. In contrast, in strains in which the heterodi-
meric construct encoded a complex with different crippling muta-
tions in the two copies of cyt b (WB–BN, NB–BW, NB–BN and NB–BN),
only the recombinant operon expressing a homodimeric complex
with wild-type cyt b was maintained at signiﬁcant levels. Although
the recombinant homodimeric operon contributed the only signiﬁ-
cant PCR product in these strains and the heterodimeric construct
was not seen at a level we could detect on gels (Fig. 4A), the latter
was still present at a level that could provide a template for PCR ampli-
ﬁcation for sequence analysis when the primers annealing only to the
heterodimeric constructs were used (see above). In support of the hy-
pothesis of cross-over recombination, in strains in which both copies
of cyt b had the same cripplingmutation (NB–BN andWB–BW), no pho-
tosynthetic growth was observed, and no re-construction of the wild-
type homodimeric expression system was detected.
Perhaps the most interesting secondary observation was the differ-
ence between levels of the two types of operon in the WB–BN strain
when grown under aerobic or anaerobic conditions in R. sphaeroides
(Fig. 5B). Under aerobic conditions, R. sphaeroides can grow without a
functional bc1 complex by using ubiquinol oxidase, whereas under anaer-
obic conditions, photosynthetic growth requires a functional bc1 complex.
When grown under aerobic conditions, cultures of the WB–BN strain
maintained both the heterodimeric fbcFB1B2C and the homodimeric
fbcFBC constructs. However, when grownphotosynthetically, the cultures
maintained only the homodimeric construct expressing thewild-type bc1
complex at levels detectable on gels after unbiased PCR ampliﬁcation.
From the above, it seems clear that we have observed a pretty ex-
ample of micro-evolution, driven by the need for a functional bc1
complex. Cells with heterodimeric complexes enforcing inter-
monomer electron transfer do not compete effectively with those
containing wild-type homodimeric complexes resulting from cross-over recombination. On the other hand, cells expressing heterodi-
meric complexeswith at least one functionalmonomer are sufﬁciently
competitive as to allow the culture to maintain both expression sys-
tems. The obvious conclusion is that inter-monomer electron transfer
does not occur at rates competitive with monomeric function.
Although our results pertain only to the particular expression sys-
tem constructed in R. sphaeroides, and our conclusions have a deﬁni-
tive status only in that context, the mechanism of cross-over by
homologous recombination is ubiquitous. Whenever two genes with
homologous sequence spans are present in the same cell, recombina-
tion might be expected [54,57–60]. Apart from a brief note on rever-
sion frequencies in [17], neither the question of recombination nor
steps taken to ameliorate it were mentioned in the earlier papers
[16–18]. However, three papers [61–63] containing further details
have now become available, which make it abundantly clear that
the two labs working with R. capsulatus experienced difﬁculties sim-
ilar to those we reported. The critical areas now to be addressed are
the paradigm-changing claims made in the three earlier papers, the
problems exposed in this paper, the new information from the three
more recent papers, and any reinterpretation of the earlier claims
needed to accommodate the new data.
In electronic circuits, the bus bar feeds the active components
without signiﬁcant impediment through a high-conductivity path
which carries the full current. Our results are clearly in contrast with
the claim that in R. capsulatus strains designed to enforce inter-
monomer electron transfer, “…electrons moved freely within and be-
tweenmonomers…” through a bus bar that “…distributes electrons…
within the millisecond time scale of enzymatic turnover…” [18]. The
similar claim in [16] to have demonstrated in Paracoccus denitriﬁcans
“…the previously proposed half-of-sites reactivity and inter-
monomeric electron transfer…”might seem on safer ground, because
the 2-plasmid approach used could be less prone to recombination;
the same might be said of the more modest claim that inter-
monomer electron transfer occurs between bL hemes with high rate
and efﬁciency, sufﬁcient to sustain photosynthetic growth in R. capsu-
latus [17]. However, all these claims need to be re-evaluated.
For the 1-plasmidworkwithwhich our own results can bemost di-
rectly compared, Czapla et al. [61,62] revealed problems from recom-
bination similar to those demonstrated in our work. They claimed that
none of their heterodimeric strains was able to grow under anaerobic
photosynthesis, but it is not clear onwhat experimental basis. Howev-
er, all strains that could grow under these conditions had recon-
structed a homodimeric wild-type complex [62], which is as we had
reported. The critical experimental ﬁndings from the both groups
using R. capsulatus [17,18] were kinetic traces showing reduction of
heme bH in the low ms range following ﬂash excitation of the cyclic
photosynthetic chain in situ in membrane vesicle preparations (chro-
matophores). Czapla et al. [61] reported a re-examination of rates,
using steady-state measurements in proteins puriﬁed by afﬁnity or
ion-exchange chromatography from the different strains harboring
1-plasmid constructs. They showed that the complex from WB–BN
was at least 10-fold slower than that from B–B. Their Fig. 4 showed
the dependence of rate on [cyt c] as substrate, and complexes from
all strains showed Michaelis–Menten behavior except WB–BN, where
the rate was essentially independent of [cyt c]. A substantial fraction
of the activity must therefore have come from some process, either
non-enzymatic or of different activity, and the bc1 complex activity
was much less than the turnover of 70 s−1 claimed (compared to
408 s−1 in strain B–B). Complexes with one wild-type sequence
showed about half the activity of B–B complexes, indicating both
that the monomer was fully functional, and that in the homodimer,
both monomers function concurrently. These activities are quite com-
patible with our own results, but incompatible with the claims for the
bus-bar model [18]. Even if the turnover of 70 s−1 was applicable, the
17% of wild-type turnover would hardly justify the claim that “…Free
and unregulated distribution of electrons acts like a molecular-scale
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b15 s−1. The extensive efforts to ameliorate the recombination prob-
lem led to preparations which were relatively homogeneous, so by
taking appropriate measures, the approach could offer a pathway for
further characterization of heterodimeric complexes. Nevertheless,
all SDS-PAGE gels of preparations isolated by ion-exchange still con-
tained signiﬁcant bands at the cyt b monomer size, and in strain NB–
BW from a construct with only 3 residues in the linker [62], this was
the dominant band, and the only band labeled by anti-Strep-tag.
A brief review by Khalfaoui-Hassan et al. [63] provides a discussion
of themerits of 1-plasmid and 2-plasmid approaches, and a critique of
the Osyczka group's work based on the early experience of the Daldal
groupwith a 1-plasmid system. This followed lines similar to our own.
However, they also included an estimate for frequency of recombina-
tion in the range 10−2 when using the 1-plasmid approach, at least an
order of magnitude greater than that quoted in [62].
Knowledge of the actual rates of recombination in the two systems
is critical to an assessment of all other results. The pattern of band
density shown by the gels in Figs. 4 and 5 suggests a high probability
of recombination in the 1-plasmid system, with the reconstructed
fbcFBC operon as the favored end-product even under non-selective
conditions. However, these relative densities might be misleading.
To compensate for the low copy-number of plasmid pRK415, all
bands were derived by PCR ampliﬁcation; by its nature, the time for
synthesis of DNA dimers depends on the length of the sequence am-
pliﬁed, with the consequence that the shorter band could have been
preferentially enhanced; other factors also come into play, making
quantiﬁcation difﬁcult. Two possible consequences should be men-
tioned: i) the relative intensity of bands is not necessarily in contra-
diction either with the reversion frequencies quoted, or with the
relative homogeneity of the protein bands reported for cultures
grown under non-selective conditions in [61,62]; and ii) the popula-
tion of heterodimeric complexes in our cultures maintaining theFig. 6. Representative cross-over events generating wild type fbcB in 2-plasmid approach.
different mutations in fbcB, generates a dimeric integrant plasmid, and another round of s
two different tags. Double cross-over recombination between the two different plasmids an
ing two different tags. M1 and M2 denote different mutation sites in fbcB.operon was likely substantially higher than is apparent from the
band intensities after ampliﬁcation of the operon DNA in Fig. 4. Con-
sequently, we can be quite conﬁdent of our claim for expression of
heterodimeric complexes that are effective if at least one monomer
is active. This is in contrast to the claim in [62] that such complexes
could not support photosynthetic growth.
Rates of recombination by inter- and intra-plasmid mechanisms
have been studied in some detail as a function of sequence length,
distance, homology, etc. [58–60,64], from which reversion rates in
the range 10−4 seem appropriate for the 2-plasmid approach. These
should be compared to reversion rates in the 10−7 range seen for
spontaneous point mutations. In Fig. 6 we show examples of path-
ways through which wild-type sequence could have been recon-
structed in either plasmid, while retaining the tags. Even with
frequencies in the 10−4 range, a simple calculation shows that cul-
tures would be well-populated by homodimeric variants with wild-
type sequence. On growth under selective conditions this population
would be exponentially enhanced. The question of interest in
interpretation of experimental results is therefore not whether re-
combination occurred, but in what fraction of the population the
wild-type was reconstructed. Three points from the earlier paper
[17] deserve critical attention:
(i) The growth pattern in Fig. 3A of [17] is open to interpretation.
It could reﬂect a complete failure of the heterodimeric con-
struct to function and two different levels of reversion, or
very weak growth under control of the heterodimeric con-
struct and a more active revertant. Neither interpretation
could be used to justify a signiﬁcant functionality for the het-
erodimeric constructs.
(ii) In either case, it is then necessary to reconciling these data
with the kinetic data provided in Figs. 5 and 6 of [17]. These
show in chromatophores containing heterodimeric complexesSingle cross-over between two different plasmids containing mutant fbc operons with
ingle cross-over recombination allows production of wild-type sequences of fbcB with
d between dimeric integrant plasmids also generates wild type fbcB sequences contain-
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pression in the same cell from the two plasmids of the expres-
sion system would yield ~25% of each of the non-functional
homodimeric complexes, and maximally ~50% heterodimeric
bc1 complex, with only one heme bH per dimer. Since the con-
tent of cyt (c1+c2), and of RC was adjusted so as to be similar,
the maximal heme bH reduction in the presence of antimycin
expected would therefore be 25% of that in wild-type. Of the
six kinetic traces showing results from chromatophores pre-
pared from such mixed samples, three assayed in the presence
of antimycin showed an amplitude substantially greater than
this (44%, 67% and 61%). All showed halftimes similar (within
the accuracy of the noise) to wildtype, and the one trace in
which inhibitors were absent showed complete turnover.
From other studies reported in many labs, strains with single-
site mutations showing comparable bc1 complex activity nor-
mally grow rapidly under photosynthetic conditions. These re-
sults are therefore clearly in contradiction bothwith the growth
characteristics, andwith the amplitudes expected if the kinetics
reﬂect the activity of heterodimeric complexes. However, we
note that cross-over could occur in both plasmids, so wild-
type reconstructs with a full complement of heme bH (in both
monomers) might easily exceed the expected maximal ampli-
tude, give wildtype kinetics, and account for the results.
(iii) Since recombination would generate sequence changes with-
out loss of tag (Fig. 6), neither the isolation by sequential use
of tags with different afﬁnities, nor the labeling by tag-
speciﬁc antibodies, could provide any guarantee that the se-
quences were those anticipated. This would also apply to the
construct used in [16].
In light of the later papers [61–63], one point is unambiguously
clear, that despite the steps taken to mitigate reversion, none of the
above results can be used to justify the claim implicit in the earlier pa-
pers [16–18] that inter-monomer electron transfer occurs at rates
compatible with an essential role in normal forward electron transfer.
Since the half-of-sites mechanism [10,16,32] requires a rate for
inter-monomer electron transfer faster than the limiting reaction at
the Qo-site (otherwise, the two pathways for reduction of heme bH
would resolve kinetically), the evidence in support of that hypothesis
now rests on Castellani et al. [16], whose results are contradicted by
all others. The monotonic reduction of heme bH in heterodimeric bc1
complex with the same kinetics as in wild-type [16] certainly
appeared to support the half-of-sites hypothesis, but that conclusion
would depend absolutely on an implicit assumption that the
complex expressed was that designed. This would be expected only
if recombination did not occur in this system, an assumption for
which we can see no justiﬁcation. The reversion rates would likely
be similar to those indicated in the literature [17,58–60,63,64], and
the problems above would have to be dealt with. Since the authors
did not discuss the issue, it is not possible to address the question
adequately, and since details about growth conditions were not
provided, it is not possible to assess the selective pressure
pertaining. It is quite unlikely that reversion by recombination could
have been avoided; if, as suggested by the papers cited, growth was
by respiration with succinate as substrate [65], that would have
provided strong selective pressure for a functional bc1 complex.
More rigorous characterization of the samples used experimentally
will be needed before the claims made on the basis of kinetic or spec-
troscopic analysis can be accepted. It would be premature to abandon
the simple monomeric Q-cycle mechanism on the basis of the data
reported. Our results do not exclude a functional role for inter-
monomer electron transfer under some circumstances, but they do
establish constraints on its scope, and raise the important question
of why the reaction is so slow. If the reaction occurs, its properties
in situ need to be established under circumstances in which nowild-type complex is expressed. We have shown in this study that
the rapid kinetics seen when heterodimeric strains designed to en-
force electron transfer across the dimer interface are grown photo-
synthetically, are due to cross-over recombination and selection for
the wild-type homodimeric complex over the heterodimeric strains.
Taken together with the failure to observe any evidence for inter-
monomer electron transfer in the ms range in kinetic experiments
using myxothiazol titrations, we conclude that inter-monomer elec-
tron transfer is not rapid enough to allow effective competition with
monomeric function under conditions requiring normal turnover of
the bc1 complex, and that monomeric function remains the simplest
framework for understanding the normal function.Acknowledgements
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